The distribution of volumes of Euglena gracilis cells was measured conductimetrically. The The most direct method of estimating the kinetics of growth of cells during their division cycle is to record periodically the image formed by light microscopy of a growing cell; the volume is estimated from a silhouette by assuming that the cell has a regular geometric form. Unfortunately, this direct method has serious limitations: it is difficult to maintain a constant local environment in microcultures (18) ; the errors in determination of volume are large, particularly for cells as small as bacteria, but also for larger cells, because of the error in assuming a regular geometric form; and minimizing error by pooling data taken on several cells is not possible (8) .
Conductimetric measurement of volumes of cells has much higher precision and, if coupled with automatic pulse height analysis (10, 14) , permits measurement of the volume of large numbers of cells. Conductimetric analysis is not necessarily destructive, but, with contemporary equipment, it is not possible to measure at intervals the volume of a particular growing cell.
The analysis of Collins and Richmond (5) permits a calculation of growth rate as a function of size from a measurement of the distribution of volume of a sample of cells drawn from a culture in balance growth. This analysis has been applied to conductimetric measurements of volume distributions of bacteria (11) , and of mammalian cells in culture (1) .
Microscopic determinations of the cellular volumes of two protozoa, amoeba (20) and Tetrahymena (4), have been reported. The distribution of volumes of Euglena cells has been measured conductimetrically (6) , but the distribution was not analyzed. 1 (12) by a reduced concentration of calcium and the addition of KCI to facilitate conductimetric measurements. Neither of these changes altered the growth rate of the population.
Counting and volume measurements were done with the electronic apparatus previously developed for measuring bacteria (10) . A sample of the culture was passed through a small orifice (150-,um diameter "Electrozone" orifice; Particle Data Corp., Elmhurst Ill.) at a flow rate of 6.0 ml/min (mean velocity 5 Effect of shape on conductimetric determination of volumne. It has been reported that conductimetric measurement of volume is biased by the shape of the objects (3, 9) . If so, the distribution of volumes determined conductimetrically is systematically biased by the distribution of shapes of Euglena cells. Growing cells of E. gracilis are closely approximated by prolate elipsoids with an axial ratio of 2 or 3 to 1; typical cells are shown in Fig. 3a . When suspensions of such cells are shaken on a "vortex" mixer for 60 sec, the cells assume a nearly spherical shape (Fig. 3b) . After 10 to 20 min, the cells resume their original shape. Conductimetric volume distributions obtained from normal and from treated cells (within 60 sec after treatment) are shown in Fig. 4 . The two spectra do not differ detectably, indicating that the volume measurement is independent of the shape of the cell.
Volume distribution during balanced exponential growth. In liquid culture, populations of E. gracilis grow exponentially to a concentration near 106 cells/ml (12) . The distribution of volumes of the cells in such cultures was invariant until the population neared the end of exponential growth. The constancy of the volume distribution is indicated by periodic estimates of the mean cell volume (Fig. 5) . Approximately one generation before the specific growth rate begins to decline the mean cell volume increases; as the specific growth rate declines, the mean cell volume decreases until stationary phase is reached.
Over a period of several months a number of cultures of E. gracilis were analyzed ( Table 1) . The volume distribution of cells in independent cultures varied somewhat more than in samples from the same culture; however, neither the doubling time nor volume distribution varied greatly. 2(p(2x) , which is precise if division produces two daughters of equal size (5) and is a good approximation if division is not equal (19) .
In practice, a guess was made for the mean and variance of S(x); the experimental values for X(x) were displayed by the computer on The calculated growth rate, V(x), is shown in Fig. 7 (Fig. 5 ), it appears that the culture was in balanced growth. The sensitivity of the index of mean volume of the cells was examined by depriving cells of their source of carbon and energy. The cells were washed with a medium free of glutamic acid and buffered with citrate to maintain the same pH as complete medium. The washed cells were suspended to a density of 104 cells/ml in this glutamic acid-free medium. Under these conditions, the cells are starved for carbon and energy. Cell number remained constant (Fig. 8, circles) , and the mean cell volume rapidly fell to approximately 50% of the normal value. After 100 hr of starvation, glutamic acid was added back to the culture; cell division was resumed, and the specific growth rate rapidly approached the original rate. Mean cell volume increased with no detectable lag and appears to have overshot the original mean cell size.
DISCUSSION
The certainty of the calculated growth rate depends upon (i) the realization of a steady state, (ii) the accuracy of the measurement of the volume distribution, X, and (iii) the assumptions regarding (p and 4,6.
The experimental results support the contention that the population under the conditions of cultivation was in a steady state; i.e., the intrinsic properties of the population were constant. The distribution of volumes of cells and the specific growth rate were constant during the growth of a given culture up to a population density of at least 101 cells/ml and varied only slightly among independent cultures over a period of several months. The biochemical profile of Euglena is also constant under these conditions (12) . It might appear surprising that the alternate 12-hr periods of light and dark did not perturb measurably the physiological state of the cells. However, both the specific growth rate and the volume distribution are not significantly affected by cultivation in the dark (Table 1) . Our results on the lack of photic effects for cells growing with glutamic acid as a nutrient are in general agreement with the results of Edmunds (7) . The sensitivity of the volume distribution to physiological perturbation is shown clearly by the response to starvation for the source of energy (Fig. 8) . Fig. 7 ; the calculation is shown in Fig. 9 , from which it is apparent that growth of cells of E. gracilis is neither linear nor exponential. Rather, the kinetics resemble the kinetics of growth computed for Escherichia coli and Azotobacter agilis (10, 16) .
This complex growth pattern suggests that there may not be a single simple mechanism regulating cell growth, but that a series of independent events controls the process. LITERATURE CITED J. BACTERIOL. 
